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THE MICROSTRUCTURE OF SOME PORCELAIN GLAZES 


I. InTRODUCTION 


1. Purpose of Study.—A large number of papers dealing with 
porcelain glazes have been published in the literature, but there is no 
record of the results of a systematic study of the microstructure of 
these glazes, nor of the influence of the microstructure upon the devel- 
opment of the various types of glazes. This bulletin presents the 
results of such a study of the glazes whose compositions fall within 
the range 

0.3 K,0 | 


0.7 CaO f 0.4 to 1.0 AlO; 2.0 to 8.0 SiO, 


2. Definitions.—The following definitions of technical terms used 
throughout the bulletin are necessary: 

Mat glaze—A mat glaze is one that is without gloss; but, in addi- 
tion to the lack of gloss, a good mat must have a satiny texture. The 
ideal mat texture is very much like that of a fine undressed kid glove. 

Bright or glossy glaze—These terms are synonymous, and define 
themselves. A glossy glaze is usually considered to be all glass. 

Semi-mat and semi-bright glazes—These glazes lie between the 
two extremes defined above. 

Devitrified glaze—A devitrified glaze is one that has recrystallized 
at some point during the firing operation. 

Immature glaze—An immature glaze is one in which there has not 
been sufficient conversion of the ingredients into glass during the 
firing operation. 


3. Acknowledgments.—The investigation upon which this bulletin 
is based was carried on by the author in partial fulfillment of the re- 
quirements for the degree of Master of Science in Ceramic Engineer- 
ing in the Graduate School of the University of Ilhnois. 

This study has been a part of the work of the Engineering Experi- 
ment Station of the University of Illinois, of which Dan M. S&S. 
Kercuvm is the director, and of the Department of Ceramic Engi- 
neering of which Pror. C. W. PARMELEE is the head. 


II. Previous LITERATURE 


4. Review of Previous Literature.—Binns* in his classical original 
work on mat glazes found that an increase in the alumina content 


*C. F. Binns, ‘‘The Development of the Mat Glazes,” Trans. Am. Cer. Soc., 5, 50, 1903. 
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aided in the development of mat texture, and that most of the good 
mat glazes were relatively high in alumina. He attributes the mat- 
ness to the excess of alumina remaining suspended in the glaze. 

Stull* charted the areas of mat, semi-mat, glossy, and devitrified 
glazes for the same field that is covered in this study of their micro- 
structure. Sortwellf extended the chart to higher temperatures 
and Twells, Jr.,f further extended the work by varying the com- 
position of the RO group. In each of these studies the good mat 
glazes were found to have a high alumina content and moderately low 
silica; the alumina-silica ratio being from about 1:4 to 1:6. 

Staley§ examined microscopically twelve mat glazes, the compo- 

sition of most of which was not known, and found only two of them to 
be crystalline mats. 
-{ advances a theory for the development of mat glazes 
which postulates the calculation of the glazes on the basis of norms. 
The essential requirement is the presence of a glass to which is added 
an excess of ‘“‘feldspars,”’ 1.e., leucite, anorthite, and orthoclase. To 
quote Purdy, ‘Our theory does not say that these feldspars are being 
formed, although we believe this to be the case.” 

Pence** advances a theory of matness and presents microscopical 
evidence that the matness in three types of glazes—calcium—alum- 
ina, zine crystal, and barium mats—is due to crystallization. The 
crystals separating are not identified. All of these glazes contained 
lead. 

Heubacht}+ defends the crystallization theory and shows that a 
porcelain glaze which normally burns bright can be made into a good 
mat glaze by devitrification brought about by slow cooling. 


Ill. Experimentat Work 


The experimental work on the problem was divided into two parts. 

Part A consisted in making a series of porcelain glazes from the 
usual potters’ materials, firmg them and examining the fired glazes 
microscopically. 


*R. T. Stull, “Influence of g ariabte Silica and Al 12 1 e 
eee Naas Le M62, 1912 umina on Porcelain Glazes of Constant RO, 


jis Jal, Sortwell, ‘ ‘High’ Fire Porcelain Glazes,’’ Jour. Am. Cer. Soc., 4, 718, 1921. 


{R. Twells, Jr., ‘The Field of Porcelain Glazes Maturing Bet Cc ue 
Cer. Soc., 5, 430, 1932, and 6, 1113, 1923. Seite aaa i7 ease 


ia side Staley, ‘ ‘The Microscopie Examination of Twelve Matte Glazes,” Jour. Am. Cer. Soc., 


[Hake Purdy, ‘ “Matte Glazes,’’ Trans. Am. Cer. Soc., 14, 671, 1912. 


Aes **F. K. Pence, ‘“A Theory for the Cause of Matteness in Glazes,” Trans. Am. Cer. Soc., 14, 682, 


F. K. Pence, “Mat Glazes,’’ Trans. Am. Cer. Soc., 15, 413, 1913. 
{fA. R. Heubach, ‘‘Notes on the Cause of Matness in Glazes,” Trans. Am. Cer. Soc., 15, 591, 1913, 
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Part B consisted of making up a series of porcelain glaze glasses 
from pure chemicals and determining the primary crystalline phase 
separating from each glass and its temperature of equilibrium. 


5. Glazes from Potters’ Materials.— 
Scope 
The composition of the glazes may be represented by the formula 


rae \ INO RO: 


in which «x varies from 0.40 to 1.00 equivalent in increments of 0.10 
equivalent and y varies from 2.0 to 8.0 equivalents in increments of 
0.4 equivalent over part of the field and 0.8 equivalent over the 
remainder. The composition of each glaze prepared is shown on a 
rectangular diagram in Figs. 1 and 2. 


The Raw Materials 
The glazes were prepared from the following raw materials: 
Buckingham feldspar 
Commercial whiting 
Lake County, Florida, clay 
Caleined Harris North Carolina Kaolin 
Ottawa, Illinois, sand flint 
Aluminum hydroxide 
With the exception of the feldspar, raw material additions were 
calculated from theoretical formulas. The feldspar was calculated 
from chemical analysis. Disregarding the impurities in the other raw 
materials the RO composition of the glazes becomes, when recalcu- 
lated from analyses, 
0.219 K,0 
0.081 Na,O 
0.700 CaO 
Typical chemical analyses of raw materials are given in Table 1. 


Method of Preparation 

Glazes Nos. 1, 5, 16, 17, 20, 32, 33, 36, 48, 49, 51, 64, 65, 67, 80, 
82, 96, 97, 98, and 112 (see Figs. 1 and 2) were made up, and the other 
compositions were prepared by blending these in equivalent propor- 
tions. About 2000-gram batches were milled wet for three hours. 
The glaze slip was screened through a 120-mesh screen. 

To satisfy the alumina requirement of glazes 1, 17, etc., the addi- 
tion of aluminum hydroxide was necessary. In order to avoid the addi- 
tion of this material to all glazes the first glaze on each line that did 
not require aluminum hydroxide (Nos. 5, 17, etc.) was also made up. 
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TABLE 1 
TyprcaAL CHEMICAL ANALYSES OF RAW MATERIALS 


Harris, 
Buckingham Lake County, North Carolina, | Ottawa, Illinois, 
Feldspar Florida, Clay Kaolin Sand Flint 
per cent 
PIO conserve an espe cela ata 65.58 45.39 a a 98.82 
Mee sie eee ELON 19.54 39.19 races 
Al2O3. 5 ee 
es Sore her eracieteeetcacarniie n.d. 0.45 0.40 ats 
CaO. Shad sua ate verwedaabecaenaoreas 0.16 0.51 tr 0.13 
IY 64 O Pee Peet cron i dem rcienh eG 0.20 0.29 tr 
1 O PAGS rete airrar ttn: 12.44 Rees 0.49 
0.83 

IN AO) grate oom ed Le ayn por 2.56 Ata 0.24 
Loss on Ignition......... 0.32 14.01 14.10 

100.80 100.67 99.42 99.00 


Thus aluminum hydroxide is present only in those glazes whose 
composition requires it. 


Application and Firing 

The glazes were applied to biscuit wall tile by dipping. The thick- 
ness of the glaze coat was from 0.5 to 1.0 mm. 

The tile were set in saggers, and were fired to cones 10 and 12 in 
an oil-fired laboratory kiln. The rate of temperature rise was 50 deg. 
C. per hour until a temperature of 1000 deg. C. was reached. and 
20 deg. C. per hour from 1000 deg. to the finishing temperature. The 
kiln was held constant at the finishing temperature for three hours to 
insure uniformity. The kiln was allowed to cool normally, but as it 
has a 27-in. wall the cooling was comparatively slow, and it was four 
days before the tile could be drawn from the kiln. 


Method of Examination of the Glazes 

After firing, one set of tile was mounted on cardboard for inspec- 
tion, while thin sections were prepared from another set by chipping a 
piece from the tile, cementing the glazed surface (without grinding) to 
a glass slide with ‘‘Kollolith” and grinding away the tile. A cover 
glass was then mounted over the section. As the glazes were 0.5 mm. 
or more in thickness, while the thin sections are only about 0.03 mm. 
thick, there is no possibility of there being any of the tile left in the 
thin section. 

The surface film of a few of the glazes was ground away and an- 
other thin section prepared to see if the glazes were homogeneous. 
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6. Glasses from Pure Materials.— 


Scope 
The compositions of the glasses made from pure materials were the 


same as those of the glazes made from potters’ materials, but the field 


. 0.3 K,O : 
was not quite so large. The RO was constant at 0.7 aa while the 


alumina varied from 0.3 to 1.0 equivalent in increments of 0.1 equiv- 
alent and the silica from 2.0 to 5.2 equivalents in increments of 0.8 


equivalent. 
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The Raw Materials 
The glasses were made from the following raw materials: 
Cr Pasilica 
“Baker’s Analyzed”? CaCO; 
“Baker’s Analyzed” Al,O3 
“Mallinckrodt”? K,CO; 
The analyses as given by the manufacturers are shown in Table 2. 
Method of Preparation 

The alumina and silica were ignited at 1000 deg. C. and kept in 
air-tight tubes for use. The calcium carbonate and potassium car- 
bonate were dried at 110 deg. C. and kept in the same manner as the 
silica and alumina. 

A three-gram batch was weighed on an analytical balance, and the 
materials were mixed thoroughly in an agate mortar. The batch was 
sintered at a low temperature until all the volatiles were expelled and 
then melted to a glass in a platinum crucible in a Babcock and Wilcox 
gas-fired laboratory furnace. The temperatures used for melting 
ranged from 1350 to 1500 deg. C., depending on the composition of 
the glass. The melting time was usually from one-half to one hour. 
The glass was then chilled by dipping the platinum crucible in water, 
removed from the crucible, crushed in a diamond steel mortar and 
ground fine in an agate mortar. It was then remelted and removed 
from the crucible as before. 


The Quenching Tests 

The glasses were devitrified by heating them to about 1100 deg. C- 
and keeping the temperature constant for a sufficient length of time 
to cause crystallization. 

The quenching method used was essentially the same as that used 
at the Geophysical Laboratory.* It consists of holding a small 
charge, wrapped in platinum foil, at constant temperature for a suffi- 
cient length of time to insure equilibrium and then cooling it almost 
instantaneously to room temperature. The charge was then examined 
microscopically. That portion which existed as liquid at the temper- 
ature of the furnace was seen as glass, and any crystals that were 
present in the liquid were identified by their optical properties. 

A platinum resistance furnace heated by current from a direct 
current motor-generator was used for the quenching tests. The volt- 
age was sufficiently constant to maintain a temperature varying less 
than +5 deg. C. from the mean. This temperature was measured by 
means of a thermocouple whose hot junction was at the “hot-point” 


*Shepherd, Rankin, and Wright, Am. Jour. Sci., 28, 308, 1909. 
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TABLE 2 
ANALYSES OF C. P. Cuemicaus as GIVEN BY 
MANUFACTURERS 
Silica Alumina 
per cent 
SiO Tree one nee 99.98 0.001 
COROT atta cicte thea p EAT Eto SIGE 0.001 
CO) IE ta Oe Se morse 0.002 
SOsae miei mene wom ores oe irate 0.001 
1 OR ot tO coin Neen Re aerate 0.60 
Potassium Calcium 
Carbonate Carbonate 
per cent 
LAND Bealeton nition a tor eatin Mohave 0.04 
(GES arc Lae ee 0.001 sue 
(Ol lee ee Od Gerda Aone aE opraete 0.005 0.003 
ENG Pie Ne cased earn ei ches 0.08 0.005 
Opec eteaciel norte cacleloeaees 0.004 ae 
SOs Mare resi ie tovkeroetins dnekeaes 0.005 0.02 
ON al areteics sree none ccs creatuy afetauess a Ray 0.01 


of the furnace. The foil containing the charge was fastened directly 
to the thermocouple junction and was entirely within the hot zone 
where the temperature varied only a few degrees. The thermocouple 
was so arranged that it could be withdrawn rapidly from the furnace 
and the charge cooled almost instantaneously by plunging it in water. 
The usual practice was to make quenches of each composition at 
10 deg. C. intervals. The equilibrium temperature was taken as the 
mean of the lowest temperature at which the charge was entirely glass 
and the highest at which crystals still remained. The usual time of a 
charge in the furnace was one hour, but in some cases a longer time 
was allowed to insure equilibrium. 
The quenching test temperatures are subject to the following 
errors: 
Thermocouple— +5 deg. C. 
Furnace variation— +5 deg. C. 
Intervals of tests—10 deg. C. 
The overall accuracy is probably +10 deg. C. 


IV. RESULTS 


7. Glazes.—The macroscopic appearance of the glazes after being 
fired to cone 12 is shown diagrammatically in Fig. 1. The fields for 
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Fira. 4. Microcrarn or Leucrre ANp ANOoRTHITE IN GLAzE No. 81, 
Cone 10 (x 160) 


immature, mat, semi-mat, semi-bright, bright, and devitrified glazes 
are essentially the same as shown by Stull* for the same compositions. 
The best bright glazes he on either side of a line running diagonally 
across the field through those points having an alumina-silica ratio of 
1to9. The area of good mat glazes is rather limited, and the alum- 
ina-silica ratios of the compositions within the area vary only a little 
on either side of 1 to 4. Some of the compositions in the semi-mat 
area are fair mat glazes and would probably develop into good ones 
with greater heat treatment. Practically all the glazes in the area 
marked “poor mats” are crazed and in addition to this defect the 
surface is rough and appears crystalline. 

The glazes fired to cone 10 (see Fig. 2) differ only in a larger num- 
ber of immature glazes and less bright ones. There are no really good 
mat glazes at cone 10; the few that show fair mat texture are crazed. 
The devitrification noted around the edge of the tile in the low-alum- 
ina, low-silica glazes fired to cone 12, is not present at cone 10 and 
some of these compositions are good bright glazes. The devitrifica- 
tion at cone 12 has probably been caused by change in composition of 
the glaze through solution of the tile. 


*Stull, loc. cit. 
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Fic. 5. Microcraru or Tripymitn Around Resmuau Quartz CENTERS 
IN GuazE No. 108, Cone 12 (x 360) 


Micrographs of even-numbered glazes of the entire field fired to 
cone 12 are shown in Fig. 3. Figures 4 and 5 show micrographs of 
glaze No. 81, cone 10, and glaze No. 108, cone 12, respectively. The 
microscopic appearance of all the glazes fired to cone 12 is shown 
graphically in Fig. 6. A description of each glaze in this group is 
given in the appendix. Figure 7 shows graphically the microstructure 
of a portion of the field when fired to cone 10. 

The most surprising point brought out by the examination is the 
great amount of undissolved and recrystallized material present in the 
glazes. Even at cone 12 only four glazes are entirely glass. Most of 
the good bright glazes contain undissolved quartz and many of them 
also have traces of crystallization of either anorthite or tridymite. 

It will be noted that with one exception all of the good mat glazes 
fall within the anorthite area, and that the glazes consist of a glassy 
matrix in which are suspended numerous very small needle-like 
crystals. Most of these needles are simple twins of anorthite, but 
multiple twinning is sometimes present. Many of the semi-mat 
glazes contain anorthite in about the same amount and crystal size, 
but the mat texture is spoiled by the undissolved quartz, each grain of 
which is surrounded by clear glass. It seems to be this that gives the 
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Fic. 6. Microstructure or PorcetaAINn GLAZES FirEep To Cone 12 


slight gloss which spoils the good mat texture. This also explains why 
increasing temperature, by solution of the quartz, will change a 
semi-mat into a mat glaze. , 

Only one of the compositions within the wollastonite field is a 
good mat glaze. The crystals have grown radially from a common 
center and have grown larger than the anorthite crystals in the good 
mat glazes. This causes an uneven texture that spoils the mat 
appearance. 

The crystals in the glazes fired to cone 10 are poorly developed, 
and positive identification is usually impossible. It seems probable 
that the fields of the various minerals would be the same as at cone 12. 
Glazes No. 97 and No. 81 contain well-crystallized leucite (Fig. 7). 
The fact that the leucite is not present at the higher temperature 
would indicate that the field in which leucite is the primary phase lies 
to the left. As will be seen later, in the absence of soda, leucite is the 
primary phase in several compositions. 
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Fic. 8. Srasiniry Fievps aNp EquiLisrIuM TEMPERATURES OF 
PorcELAIN GLAZE GLASSES 


8. Glasses.—The results of the quenching tests are shown in Fig. 8. 
Equilibrium temperatures and the probable locations of boundary 
lines and isotherms are shown. A large number of intermediate com- 
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positions would be necessary for the accurate location of boundary 
lines and isotherms, especially over the critical ranges. 

Four different minerals separate as primary phases—corundum, 
anorthite, leucite, and pseudo-wollastonite. The optical properties 
and habits of these minerals are identical with those usually given for 
the artificial products.* Leucite appears as a primary phase in nine 
compositions. As would be expected, the soda present in the glazes 
has shifted the field in which leucite is the primary phase. 


V. CONCLUSIONS 


9. Conclusions.-—The results of the investigation seem to justify 
the following conclusions: 

(1) The good mat glazes within the porcelain glaze field owe their 
matness to crystallization. 

(2) Alumina plays a double role in the development of mat glazes; 
it furnishes an essential constituent of the crystallizing mineral, and 
so regulates the viscosity of the glaze that the crystals do not grow to 
a sufficient size to spoil the mat texture. 

(3) Many of the bright porcelain glazes are not all glass, but con- 
tain undissolved quartz and have traces of devitrification. 

(4) An excess of either alumina or silica will cause devitrification, 
while a greater excess will cause immaturity. 

(5) The soda introduced by the feldspar into porcelain glazes has 
a definite effect on the composition of the mineral separating from the 
melt upon crystallization. 


APPENDIX 


1. Description of Microstructure of Porcelain Glazes Fired to 
Cone 12. 

No. 1. Immature. There is a glassy ground mass in which there 
is much undissolved clay and alumina, and a few microlites that are 
probably anorthite. 


No. 2. Very similar to No. 1. Undissolved material is somewhat 
smaller in amount. 


No. 3. A glassy ground mass in which there is undissolved quartz, 
clay, and alumina; also a few minute crystals. 
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No. 4. Very similar to No. 3, but with more quartz and less clay 
-and alumina. 

No. 5. The glaze consists of a glassy ground mass in which there is 
undissolved quartz and material crystallized in minute needles. No 
undissolved clay or alumina. 

No. 6. Much undissolved quartz in a ground mass of minute 
crystals and glass. 

No. 8, No. 10, No. 12, No. 14, and No. 16. These are very similar 
in that they all contain undissolved quartz in a ground mass of glass 
and minute crystals that are probably anorthite. The amount of 
anorthite decreases while the amount of quartz increases in each suc- 
ceeding glaze. The crystals of anorthite are about 0.001 x 0.02 mm. 
in size. Each quartz grain is surrounded by a fringe of clear glass. 

No. 17. This glaze is very similar to No. 1 but contains more glass. 

No. 18 and No. 19. Contain undissolved clay and alumina in a 
ground mass of glass with a few microlites of anorthite. 

No. 20. Undissolved quartz in a ground mass of glass and micro- 
lites. There may be some undissolved clay. 

No. 21 and No. 22. Undissolved quartz in a ground mass of glass 
and minute crystals. The crystals, probably anorthite, are about 
0.004 x 0.04 mm., and smaller, in size. 

No. 24. The anorthite crystals are slightly larger than in No. 22 
and there is more undissolved quartz. Otherwise the two are alike. 

No. 26 and No. 28. These are very similar to No. 24 but they 
contain increasing amounts of quartz. 

No. 30. Considerable quartz in a ground mass of glass and anor- 
thite. The anorthite crystals are smaller, both in size and amount, 
than in No. 28. 

No. 32. Very similar to No. 30, but contains more quartz and 
glass and less anorthite. 

No. 33. Slightly immature; some undissolved clay and alumina. 
There are numerous minute crystals. 

No. 34. Similar to No. 33, but less undissolved material. 

No. 35. This glaze is a mass of small anorthite crystals (maximum 
size 0.002 x 0.04 mm.) in a glassy ground mass. A good mat glaze. 
No. 36. Similar to No. 35 but the crystals are somewhat larger, 
the maximum size being about 0.003 x 0.08 mm. This glaze has the 
best mat texture in the field. 

No. 37. A good mat glaze. Anorthite crystals 0.008 x 0.08 mm. 
in a glassy ground. An occasional quartz grain. 
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No. 38. The crystals are about the same size as in No. 37 but are 
iess numerous. There is some quartz, each grain surrounded by 
clear glass, that apparently spoils the mat texture. 

No. 40, No. 42, and No. 44. These glazes contain increasing 
amounts of glass and undissolved quartz and decreasing amounts 
of anorthite. 

No. 46 and No. 48. These glazes contain much glass and quartz. 
Most of the quartz shows traces of inversion. There are only a few 
anorthite crystals. 

No. 49. This glaze is a mass of very small crystals, occasionally as 
large as 0.002 x 0.02 mm., but mostly smaller. There is some undis- 
solved clay or alumina. 

No. 50. A fair mat glaze, but the texture is somewhat rough 
because of insufficient glass. Glaze is a mass of anorthite crystals 
as large as 0.006 x 0.10 mm. 

No. 51 and No. 52. Good mat glazes. Anorthite crystals as large 
as 0.008 x 0.12 mm. in glassy ground. 

No. 53. Very similar to No. 52, but crystals much smaller in size 
and amount. Not enough crystalline material for good mat texture. 

No. 54. Considerable quartz, surrounded by clear glass. In be- 
tween the quartz grains are numerous small crystals. 

No. 56. Very similar to No. 54, but with more glass and less 
crystalline material. 

No. 58. Almost clear glass; rare quartz of fibrous crystal. 

No. 60, No. 62, and No. 64. Increasing amounts of undissolved 
quartz. Most of it shows signs of inversion and devitrification 
rims of tridymite. 

No. 65. Mass of small anorthite crystals in glass. Appears iden- 
tical with No. 50. 

No. 66. Anorthite crystals, varying in size from 0.016 x 0.08 mm. 
to very small, in glass. Not a very good mat glaze; crystals are too 
large. 

No. 67. Bundles of minute, fibrous wollastonite crystals growing 
from a common crystallization center. 

No. 68. Very similar to No. 67, but crystals are smaller in 
amount. A fair mat glaze. 

No. 69. Similar to No. 68, but the bundles of crystals are smaller 
and less numerous. 

No. 70. Clear glass except for devitrification around edge of tile. 


No. 72. Clear glass except for occasional undissolved quartz 
grain. 
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No. 74, No. 76, No. 78, and No. 80. Increasing amounts of un- 
dissolved quartz, most of it having devitrification rim of tridymite. 

No. 81. Anorthite crystals, averaging about 0.008 x 0.08 mm. in 
size, in glassy ground. Some are considerably larger than the average. 
No. 82. Wollastonite bundles, appearing identical with No. 68. 
No. 83. Very similar to No. 82 but contains more glass and much 
less crystalline material. 
No. 84 and No. 85. Clear glass, except for devitrification around 
edge of tile. 
No. 86. All glass. 
No. 88. Clear glass, except for occasional quartz grain. 
No. 90-96, inclusive. Glass with undissolved quartz in increasing 
amounts. Some tridymite devitrification. 
No. 97-100, inclusive. Clear glass, except for devitrification 
around edge of tile. 
No. 101-104, inclusive. All glass. 
No. 106. A little undissolved quartz and much tridymite devitri- 
fication. 

No. 108. Quartz grains surrounded by tridymite rosettes with 
interstatial glass. 

No. 110 and No. 112. Increasing amounts of undissolved quartz 
and tridymite devitrification and decreasing amounts of glass. 
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